Introduction {#s001}
============

The ex vivo manufacturing of red blood cells (RBCs) from human induced pluripotent stem cells (hiPSCs) holds great promise for the development of innovative therapeutic and diagnostic strategies. In the future, cultured RBCs (cRBCs) may serve as RBC products for use in severely immunized patients, antibody screening tools, disease model systems, or tools for developmental studies. However, despite some progress over the past few years, RBC generation from hiPSCs is still limited by low expansion rates, a lack of adult hemoglobin expression, and insufficient enucleation (\<20%) \[[@B1]\]. In this context, mimicking erythropoiesis during the time course of early human development remains a challenge. To overcome a lack of understanding of the molecular mechanisms that occur during embryogenesis, complex and unphysiological culture conditions with high amounts of sometimes more than 10 different cytokines are used. Ex vivo erythropoiesis models are further biased by the absence of a microenvironmental niche, hindering a biomimetic recapitulation of the multistep physiological maturation process.

Hematopoietic cells arise in overlapping waves. A transient wave of primitive hematopoiesis occurs in the yolk sac and is responsible for the blood supply of the early embryo. Primitive erythroblasts express the embryonic globin genes Gower I (ζ~2~ɛ~2~) and Gower II (α~2~ɛ~2~) and are able to enucleate in the circulation \[[@B4],[@B5]\]. In the second wave, erythroid-myeloid progenitors appear in the yolk sac. They migrate to the fetal liver and produce definitive erythroblasts, which express primarily fetal hemoglobin \[[@B6],[@B7]\]. With the emergence of hematopoietic stem cells (HSCs) in the aorta-gonad-mesonephros (AGM) region, this transient system is replaced by a third wave of lifelong definitive hematopoiesis that switches after birth from the fetal liver to the bone marrow (BM). Definitive RBCs derived from HSCs in the BM express mainly adult globin genes (α~2~β~2~) \[[@B7]\].

Hematopoietic and erythroid fate are orchestrated by a complex network of different cell types, humoral factors, and extracellular matrix molecules, which collectively compose a physiological cell type-specific niche \[[@B10],[@B11]\]. Due to ethical concerns and the inaccessibility of human embryos, the composition and spatiotemporal transformation of this niche during embryonic development remain largely unknown.

Since the pioneering discovery that somatic cells can be reprogrammed for pluripotency, several culture systems for the ex vivo generation of RBCs from hiPSCs have been established. Although they differ from each other in their experimental setups, the protocols share a common strategy for inducing erythropoiesis. These methods consist of different culture phases intended to induce mesodermal and hematopoietic commitment followed by the induction of erythropoiesis, the amplification of erythroid precursor cells, and finally the maturation of precursors into enucleated RBCs. For initial mesodermal and hematopoietic induction, two major technical approaches exist: (1) coculture of hiPSCs on human- or animal-derived stroma cells \[[@B12]\] and (2) culture of hiPSCs in suspension to form aggregates, termed embryoid bodies (EBs), which contain derivates of all three germ layers \[[@B17]\].

The majority of established protocols exhibit disadvantages in that they are very complex (with 3--9 different phases), time consuming, expensive, and unphysiological due to extensive cytokine support (up to 13 different growth factors). Furthermore, in most protocols, the hematopoietic cells undergo one or more digestion and purification steps, further increasing the complexity of the process and destroying potentially necessary cell interactions in the artificial niche.

Our group recently reported the manufacturing of cRBCs from hiPSC lines of different origins using an EB-based suspension system \[[@B17]\]. Consistent with reports from other groups, we observed robust and homogeneous erythroid differentiation accompanied by low amplification and limited enucleation (≤25%) \[[@B12],[@B14],[@B15],[@B18]\]. One reason for the insufficient expansion in established systems might be the bypass of a highly proliferative erythroid progenitor stage under ex vivo conditions. In this context, only a few cells with characteristics of HSCs (CD34^+^/CD45^+^) or erythroid progenitors (CD36^+^/CD45^+^) have been generated.

More recently, we developed a simple, but robust protocol for the prolonged generation of granulocytes and macrophages from hiPSCs with minimal handling time and low cytokine support \[[@B21]\]. Based on these observations, we here created an improved model for prolonged ex vivo RBC generation from hiPSCs. In this system, an intermediate "hematopoietic cell forming complex (HCFC)" is established from which immature hematopoietic progenitors and erythroid precursors emerge continuously over 6 weeks. During further erythroid differentiation, cells exhibit increased proliferation and terminal maturation with enhanced enucleation rates for hiPSC-derived RBCs (up to 60%). Compared to other systems, this system is a simpler and less expensive alternative. The reduced cytokine support and the maintenance of intact three-dimensional (3D) organization during hematopoietic specification may roughly mimic the physiological niche. Hence, this model might be less artificial and more suitable for studies on human erythropoiesis than conventional systems.

Materials and Methods {#s002}
=====================

hiPSC lines {#s003}
-----------

hiPSC lines from cord blood CD34^+^ cells (CD34-iPSCs) \[[@B17]\] and CD36^+^ erythroblasts (PEB-iPSCs) were used as independent biological replicates. Human CD36^+^ basophilic erythroblasts were reprogrammed by lentiviral overexpression of OCT4, SOX2, KLF4, and c-MYC. The details are given in the [Supplementary Materials and Methods in Supplementary Data](#SD1){ref-type="supplementary-material"}. Written informed consent was obtained before sampling in accordance with the Declaration of Helsinki, and the study was approved by the local ethics committee (EK27--165ex 14/15; Medical University Graz, Graz, Austria).

Hematopoietic induction {#s004}
-----------------------

Undifferentiated iPSCs were maintained on Matrigel^®^ (Corning) with StemMACS iPS Brew XF (Miltenyi Biotec). For EB formation, colonies (\>23 passages) were detached with collagenase IV. Cell clumps were seeded on low-binding suspension plates (Nunclon Sphera; Thermo Fisher Scientific) and cultivated for 5 days in human embryonic stem cell (hESC) medium without bFGF \[[@B17]\]. Thereafter, 10--15 spherical EBs were transferred to six-well tissue culture plates (Sarstedt) with STEMdiff^™^ APEL^™^2 Medium (STEMCELL Technologies), 5% PFHM-II Protein-Free Hybridoma Medium (Thermo Fisher Scientific), 5 ng/mL interleukin 3 (IL-3; PeproTech), 100 ng/mL stem cell factor (SCF; PeproTech), and 3 U/mL erythropoietin (EPO; Erypo; Janssen Biologics B.V.). The medium was changed weekly ([Fig. 1](#f1){ref-type="fig"}).

![Schematic illustration of the cell culture system. (1) Hematopoietic induction: colonies of undifferentiated hiPSCs were transferred into low-binding plates to induce EB formation. After 5 days, spherical EBs were further cultured on adherent plates in APEL^™^ medium containing SCF, EPO, and IL-3. The medium was changed weekly. Within 2 weeks, an HCFC was established, from which hematopoietic cells were continuously released into the supernatant and harvested for further characterization. (2) Erythroid differentiation: cells released into the supernatant were harvested and differentiated into RBCs in a three-phase erythropoiesis system over 18 days. Hematopoietic and erythroid differentiation were monitored by colony formation assay, flow cytometry, microscopy, and hemoglobin analysis. EB, embryoid body; EPO, erythropoietin; HCFC, hematopoietic cell forming complex; hiPSCs, human induced pluripotent stem cells; IL-3, interleukin 3; RBCs, red blood cells; SCF, stem cell factor.](fig-1){#f1}

Erythroid differentiation {#s005}
-------------------------

Single cells released into the supernatant were collected and cultured for 18 days in an established three-phase erythropoiesis assay \[[@B17]\]. Cells cultured in Iscove\'s liquid medium (Biochrom) containing 10% human plasma (Octapharm), 10 μg/mL insulin (Sigma-Aldrich), and 330 μg/mL human holotransferrin (Spicac) were stimulated with 100 ng/mL SCF, 5 ng/mL IL-3, and 3 U/mL EPO from days 0 to 8, with 100 ng/mL SCF and 3 U/mL EPO from days 8 to 11, and with 3 U/mL EPO from days 11 to 18. Hematopoietic and erythroid differentiation were monitored by flow cytometry, colony formation in semisolid media, and microscopic evaluation ([Supplementary Materials and Methods in Supplementary Data](#SD1){ref-type="supplementary-material"} and [Supplementary Table S1](#SD1){ref-type="supplementary-material"}). The hemoglobin composition of the cRBCs after 15 days of ex vivo erythropoiesis was analyzed by high-performance cation exchange liquid chromatography on a Waters Alliance 2690 system \[[@B22]\].

EB suspension model {#s006}
-------------------

In a subset of experiments, hematopoietic induction of hiPSCs was additionally performed in our conventional EB suspension model, as previously described \[[@B17]\]. Therefore, EBs were stimulated for 20 days with a cocktail of eight cytokines and thereafter dissociated with collagenase. Single cells were further cultured in the three-phase erythropoiesis system. In a subset of experiments, CD43^+^-sorted cells and unsorted cells from the same starting population were compared for further erythroid maturation.

Characterization of the HCFC {#s007}
----------------------------

After removal of the supernatant, adherent cells of the HCFC were incubated with collagenase B (Roche Diagnostics) for further digestion. Detached cells were singularized by pipetting before staining with respective antibodies ([Supplementary Table S1](#SD1){ref-type="supplementary-material"}) for measurement on a Navios^™^ flow cytometer (Beckman Coulter). In addition, cells were sorted on a Becton Dickinson FACSAria IIu for analysis of CD43^+^/CD31^−^ and CD31^+^/CD43^+^ subpopulations. Sorted populations were analyzed for their hematopoietic and endothelial potential by hematopoietic colony and net formation assays (No. ECM625; Chemicon) according to the manufacturer\'s instructions. As a positive control, human umbilical vein endothelial cells (HUVECs; PromoCell) were used.

Statistics {#s008}
----------

Statistical analyses were performed with IBM SPSS statistics 25 software using Mann-Whitney U tests for independent samples and Wilcoxon tests for paired samples.

Results {#s009}
=======

Generation of iPSCs from human basophilic erythroblasts (PEB-iPSCs) {#s010}
-------------------------------------------------------------------

Based on our observations of the continuous generation of macrophages and granulocytes from hiPSCs by an intermediate myeloid cell-forming complex, we aimed to develop a differentiation technique to generate erythrocytes continuously in an intact 3D network under low cytokine support. For this purpose, CD34-iPSCs \[[@B17]\] and PEB-iPSCs were used as independent biological replicates. Cells on day 7 of ex vivo erythropoiesis from adult CD34^+^ HSCs were used for generation of PEB-iPSCs ([Supplementary Fig. S1](#SD2){ref-type="supplementary-material"}). CD36^+^ basophilic erythroblasts (purity 98%) were reprogrammed for pluripotency using a lentiviral vector expressing POU5F1/OCT4, SOX2, KLF4, and c-MYC as a polycistronic unit under the control of the retroviral SFFV promoter. After ∼25 days, ESC-like colonies were selected based on their morphology for further propagation ([Supplementary Fig. S1A](#SD2){ref-type="supplementary-material"}). Immunofluorescence staining confirmed the expression of the pluripotency markers POU5F1/OCT4, SOX2, SSEA4, TRA1-60, and TRA1-81, as well as the activity of alkaline phosphatase ([Supplementary Fig. S1B](#SD2){ref-type="supplementary-material"}). Karyotyping showed a normal karyotype without aberrations ([Supplementary Fig. S1C](#SD2){ref-type="supplementary-material"}). To demonstrate successful reprogramming for pluripotency, the PEB-iPSC global gene expression profile was compared to the H1-hESC expression profile. The canonical pluripotency factors POU5F1/OCT4, SOX2, LIN28, KLF4, and NANOG lined up on the diagonal in a pairwise scatter plot comparing PEB-iPSCs and H1-hESCs. It was found that 94.6% of the transcripts were similarly expressed (using a twofold threshold on a log~2~ scale) in the PEB-iPSCs and H1-hESCs ([Supplementary Fig. S1D](#SD2){ref-type="supplementary-material"}).

Hematopoietic induction of hiPSCs {#s011}
---------------------------------

EB formation was induced to promote germ layer induction, and compact, spherical EBs were obtained after 5 days ([Fig. 1](#f1){ref-type="fig"}). To induce further hematopoietic specification, EBs were allowed to adhere to the plastic surface and were stimulated with SCF, EPO, and IL-3. Medium exchange was performed only once a week. Under these conditions, EBs became increasingly blistered, and surrounding stromal layers were generated. Within 2 weeks, an adherent cellular complex, termed "hematopoietic cell forming complex (HCFC)," was established, consisting of blistered spheroids with "red islands," surrounded by a network of stromal cells. Nonadherent cells have died during this time period. Following this, from this HCFC, single cells were continuously released into the supernatant ([Fig. 2A--C](#f2){ref-type="fig"}). The quantity of released cells increased from weeks 3 to 5 of cytokine stimulation and subsequently decreased until the culture was exhausted (week 8) ([Fig. 2D, E](#f2){ref-type="fig"}). With regard to PEB-iPSCs (*n* = 5), as many as 2.4 × 10^6^ ± 0.35 × 10^6^ cells (CD34-iPSCs: 2.2 × 10^6^ ± 1.2 × 10^6^ cells, *n* = 5) could be harvested from one well of a six-well plate during the entire HCFC culture period. This cell number arose out of ∼0.07 × 10^6^ seeded iPSCs forming one HCFC/well. The formation of stromal layers and the shaping of vesicular spheroids during the first 2 weeks were crucial for the generation of the HCFC. Lack in 3D organization or stromal cell generation resulted in the absence of red islands and single cells in the supernatant ([Supplementary Fig. S2](#SD3){ref-type="supplementary-material"}). Since the appearance of dense, flat structures could not be avoided, wells containing only these structures were discarded.

![Formation of an HCFC and release of hematopoietic cells into the supernatant. **(A)** Representative light microscopy image of the established HCFC, consisting of spheroids, red islands, and stromal cells and released cells (Primovert Zeiss; 4 × ). **(B)** Stromal layer with single cells (scale bar 50 μm). **(C)** Disseminated single cells released into the supernatant (scale bar 50 μm). **(D, E)** Total number of cells released from the HCFC into the supernatant over the time course of 6 weeks (weeks 3--8 of the hematopoietic induction phase). Given are the absolute cell counts (mean ± SD) for one well of a six-well plate per week for PEB-iPSCs (*n* = 5) **(D)** and CD34-iPSCs (*n* = 5) **(E)**. SD, standard deviation.](fig-2){#f2}

Characterization of single cells released into the supernatant {#s012}
--------------------------------------------------------------

The hematopoietic commitment of cells released from the HCFC into the supernatant was analyzed by flow cytometry, microscopy, and colony formation assays in semisolid media ([Figs. 3](#f3){ref-type="fig"} and [4](#f4){ref-type="fig"}). For flow cytometry analysis of cell surface marker expression, cells within the supernatant were harvested almost daily ([Fig. 3A](#f3){ref-type="fig"}). As indicated by CD43 expression \[[@B23]\], the released cells were predominantly of a hematopoietic nature (\>90%). This selective release of CD43^+^ hematopoietic cells remained stable over the entire culture period. The majority of initially released cells (week 3) expressed the hematopoietic marker CD45 (80% ± 7.4%) together with CD34 (52.8% ± 13.1%), consistent with the phenotypic characteristics of hematopoietic stem/progenitor cells (HSPCs) ([Fig. 3B](#f3){ref-type="fig"}). Morphologically, these cells resembled immature blasts with basophilic cytoplasm ([Fig. 3D](#f3){ref-type="fig"}). During further EB cultivation, the percentage of CD34^+^/CD45^+^ cells in the supernatant decreased rapidly. Simultaneously, the cells continuously changed phenotypically into CD36^+^/45^+^ early erythroblasts (week 4) and later (week 5) into CD36^+^/CD45^−^ erythroblasts showing morphological characteristics of basophilic and subsequently hemoglobin-positive erythroblasts ([Fig. 3C, D](#f3){ref-type="fig"}). Notably, \>80% of cells during the 4th week were CD36^+^ and were therefore erythroid committed. Additional staining of GPA demonstrated that some of the CD36^+^ cells already expressed GPA. However, minimal cell numbers did not allow for continuous monitoring of GPA.

![Hematopoietic specification of cells released from the HCFC. Characterization of cells harvested on an almost daily basis from the supernatant (weeks 3--5 of hematopoietic induction). **(A)** Kinetics of the expression of cell surface markers (mean ± SD) measured by flow cytometry (CD34-iPSCs, *n* = 3). **(B, C)** Representative flow cytometry analyses of cells from week 3 **(B)** for CD43, CD34, and CD45 and from week 4 **(C)** for CD43, CD45, and CD36. **(D)** Morphology of cells released into the supernatant at the beginning of weeks 3 and 4 and stained with MGG and neutral benzidine (scale bar: 10 μm). MGG, May-Grünwald Giemsa.](fig-3){#f3}

![Hematopoietic colony formation of cells released from the HCFC. **(A)** Representative light microscopy images of colony types (scale bar: 100 μm). **(B)** Hematopoietic colony formation in semisolid media per 2500 seeded cells from week 4 of hematopoietic induction (PEB-iPSCs, *n* = 4; CD34-iPSCs, *n* = 6; mean total colonies ± SD). **(C)** Time course for colony formation during the entire hematopoietic induction period. Cells were harvested weekly (weeks 3--7) from the supernatant of PEB-iPSC-derived HCFC for enumeration of their colony-forming potential. Shown are data from one representative experiment.](fig-4){#f4}

We further investigated the generation of proliferative progenitor stages by assessing colony formation in semisolid media ([Fig. 4](#f4){ref-type="fig"}). Harvested cells (week 4) from all hiPSC lines gave rise to hematopoietic colonies with a high percentage of burst-forming unit-erythroid (BFU-E) and colony-forming unit-erythroid (CFU-E) cells ([Fig. 4A, B](#f4){ref-type="fig"}). CD34-iPSCs showed the highest colony-forming potential with 1 colony per 39 seeded cells. The colony-forming potential of PEB-iPSCs, which was analyzed in more detail, decreased over time, consistent with the observed phenotypic changes and maturation of cells extruded from the HCFC ([Fig. 4C](#f4){ref-type="fig"}). These results demonstrate a homogeneous and synchronous induction of hematopoiesis and erythropoiesis under the described culture conditions.

Erythroid differentiation of cells released from the HCFC {#s013}
---------------------------------------------------------

Next, we carefully evaluated the complete erythroid differentiation potential of hematopoietic cells released from the HCFC. For this purpose, cells obtained from the culture supernatant were cultivated in an established three-phase erythropoiesis system over 18 days \[[@B17]\]. The phenotypic characteristics of the harvested cells (week 4) from both iPSC sources used for ex vivo erythropoiesis are summarized in [Supplementary Fig. S3](#SD3){ref-type="supplementary-material"}. After 8 days of cultivation in EPO differentiation medium, the major fraction included erythroid precursors, as determined by the cell surface expression of CD36 (\>90%) and GPA (96.0% ± 4%). Microscopic evaluation demonstrated a predominance of basophilic (27.3% ± 13.3%) and polychromatic (62.1% ± 9.1%) erythroblasts. During further differentiation, characteristic reductions in cell diameter and granules were observed along with gradually augmented hemoglobin content. On the final culture days, all cells were GPA^+^ and band 3^+^ (\>99%). Consistent with terminal maturation, CD36 expression decreased (63.5% ± 9.3%) and CD45 and α4-integrin (CD49d) expression disappeared \[[@B24]\]. The results for the erythroid differentiation of PEB-iPSCs are presented in [Fig. 5A--C](#f5){ref-type="fig"} and [Supplementary Fig. S4](#SD3){ref-type="supplementary-material"}. Comparable differentiation was observed for CD34-iPSCs ([Supplementary Figs. S4](#SD3){ref-type="supplementary-material"} and [S5](#SD4){ref-type="supplementary-material"}). Morphological analysis revealed that all cells were hemoglobin positive. Hemoglobin analyses at the protein level by high performance liquid chromatography (HPLC) (after \>15 days of erythropoiesis) revealed the presence of predominantly fetal hemoglobin in hiPSC-derived RBCs, with minor contributions of embryonic and adult hemoglobin ([Fig. 5E](#f5){ref-type="fig"}). This hemoglobin pattern remained stable over time and was not dependent on the week of CD43^+^ cell harvest for further erythroid differentiation ([Supplementary Fig. S6](#SD4){ref-type="supplementary-material"}). In PEB-iPSC-derived cRBCs, an average of 38.6% ± 17% enucleated cells was observed. Comparable enucleation was achieved in CD34-iPSCs (37.1% ± 4%). Notably, the maximum enucleation rate in PEB-iPSC-originating erythroid cells was 60% ([Fig. 5B](#f5){ref-type="fig"} and [Supplementary Fig. S6](#SD4){ref-type="supplementary-material"}). The proliferation maximum was reached on day 15. The mean cumulative expansion for PEB-iPSCs was 800-fold, as calculated from the number of CD43^+^ cells seeded on day 0 ([Fig. 5D](#f5){ref-type="fig"}). Sufficient harvesting of cells for further erythropoiesis was feasible for 6 weeks, on average, between the third and eighth week of hematopoietic induction.

![Erythroid differentiation in a three-phase erythropoiesis system. **(A)** Representative images of cytospin samples derived from PEB-iPSCs costained with MGG and neutral benzidine. Day 18 cells were additionally stained with only MGG for a more valid evaluation of enucleation (scale bar: 10 μm). See also [Supplementary Fig. S7](#SD5){ref-type="supplementary-material"} for confirmation of enucleation rates by Hoechst 33342 staining. **(B)** Differential counts of stained cytospin samples from days 4 to 18 (PEB-iPSCs, *n* = 6). See also [Supplementary Fig. S5](#SD4){ref-type="supplementary-material"} for CD34-iPSCs. **(C)** Flow cytometry analyses of cell surface marker expression in PEB-iPSCs (*n* = 6; mean ± SD). See also [Supplementary Fig. S4 for the expression of band 3 and CD49d](#SD3){ref-type="supplementary-material"} and [Supplementary Fig. S5 for CD34-iPSCs](#SD4){ref-type="supplementary-material"}. **(D)** Cumulative expansion of erythroid cells from days 0 to 15 (PEB-iPSCs, *n* = 6; CD34-iPSCs, *n* = 4; mean ± SD). **(E)** Hemoglobin composition of cRBCs as measured by HPLC. cRBCs from peripheral blood (cRBC PB, *n* = 5) and cord blood (cRBC CB, *n* = 2) CD34^+^ cells were used as controls (mean ± SD). See also [Supplementary Fig. S6](#SD4){ref-type="supplementary-material"} for hemoglobin composition over time. HPLC, high-performance liquid chromatography; cRBCs, cultured RBCs.](fig-5){#f5}

Impact of cell interactions on enucleation {#s014}
------------------------------------------

Compared to other published methods, this method yielded a relatively high level of observable enucleation (∼40%) during erythropoiesis from both CD34-iPSCs and PEB-iPSCs. To affirm that the high enucleation rates observed for the newly generated PEB-iPSCs were caused by the adhesion culture conditions rather than cell line-specific factors, PEB-iPSCs were cultured in this HCFC-based system and in our earlier described standard EB-based suspension culture \[[@B17]\] in parallel (*n* = 6) ([Fig. 6A](#f6){ref-type="fig"}). In the latter, single cells derived from EBs digested after 21 days of cytokine stimulation in suspension were differentiated by using the same three-phase erythropoiesis system described for this study. Cells from the EB suspension showed homogeneous erythroid maturation into hemoglobin^+^ cells at terminal maturation stages. Maturation resulted in 20.2% ± 11.7% enucleation, which is consistent with the value in our previous report, but significantly lower than that for RBCs originating from PEB-iPSCs in this HCFC-based culture system (44% ± 15.1%, *P* \< 0.01) ([Fig. 6B](#f6){ref-type="fig"}). Low enucleation of CD34-iPSCs (27%) in our standard suspension system has already been reported \[[@B17]\]. One reason for the enhanced enucleation in this HCFC-based system might be an interaction of hematopoietic cells with other cells (eg, macrophages) or stromal elements. To confirm this hypothesis, we performed sorting experiments on CD43^+^ cells after EB digestion. In a set of five experiments (PEB-iPSCs, *n* = 2; CD34-iPSCs, *n* = 3), unsorted cells containing \>80% nonhematopoietic CD43^−^ cells and sorted CD43^+^ hematopoietic cells were subjected to the erythropoiesis system in parallel. Interestingly, unsorted cells underwent reaggregation into EB-like spheroids over 1 week and showed significantly higher enucleation rates (34% ± 17%) than cRBCs from the CD43^+^ sorted population (15% ± 7.8%, *P* ≤ 0.05) ([Fig. 6C--E](#f6){ref-type="fig"}). These results confirm the necessity of cellular interactions for efficient erythroid differentiation.

![Cellular interaction and enucleation. **(A)** Schematic drawing of the experimental setup comparing current HCFC-based and conventional suspension EB systems with and without sorting of CD43^+^ cells before erythroid differentiation. **(B)** Comparison of the enucleation rates of PEB-iPSCs cultured with this protocol (PEB HCFC, *n* = 6) and the conventional suspension EB protocol (PEB suspension, *n* = 6). The plots show the median ±5th/95th percentiles (\*\**P* \< 0.01). **(C)** Enucleation rates of erythropoiesis cultures generated in parallel from CD43^+^ sorted and unsorted cells from the same source of iPSCs (*n* = 5, \**P* \< 0.05; median ±5th/95th percentiles). **(D, E)** Representative images of MGG-stained cytospin samples showing enucleated cRBCs in erythropoiesis culture from CD43^+^ sorted compared to unsorted cells (scale bar: 10 μm).](fig-6){#f6}

Characterization of the HCFC {#s015}
----------------------------

To gain more insight into the composition of the HCFC, we performed digestion after 5 weeks of cultivation and characterization of single cells by flow cytometry (*n* = 6). At this time, stromal layers were fully formed and had the greatest potential for further characterization.

Compared to the predominance of CD43^+^ hematopoietic cells in the supernatant, digested HCFC showed less hematopoietic commitment (32.1% ± 20.3%). Most of the CD43^+^ cells were CD45^+^ erythroid and myeloid blasts ([Supplementary Fig. S8A](#SD5){ref-type="supplementary-material"}). Morphological analysis of cytospin preparations further demonstrated the presence of mature macrophages ([Supplementary Fig. S8D](#SD5){ref-type="supplementary-material"}). Flow cytometry analysis confirmed the presence of 10.5% ± 7.9% CD86^+^ cells and 6.6% ± 5.2% CD11b^+^ cells. Only a small cell population expressed CD14 (2.5% ± 1.2%) or CD163 (2.4% ± 1.2%), ([Supplementary Fig. S8B](#SD5){ref-type="supplementary-material"}).

Regarding the nonhematopoietic compartment, the expression of the endothelial markers VE-cadherin (CD144) and VEGF-R2 (CD309) was only marginal (CD144: \<1.5%; CD309: \<2.5%). In contrast, a remarkable CD31^+^ population was detectable (13.1% ± 8.8%) ([Supplementary Fig. S8C](#SD5){ref-type="supplementary-material"}). Notably, all CD31^+^ cells were CD43^high^ and CD45^+^, and therefore of hematopoietic rather than endothelial origin ([Supplementary Fig. S9A](#SD6){ref-type="supplementary-material"}) \[[@B23]\]. This was confirmed by sorting experiments. Sorted subpopulations of CD31^+^ cells showed high hematopoietic colony formation ([Supplementary Fig. S9B, D](#SD6){ref-type="supplementary-material"}), but no distinct net formation on ECMatrix compared to HUVECs (positive control) ([Supplementary Fig. S9C](#SD6){ref-type="supplementary-material"}). Several other cell types of uncertain origin could be detected after EB digestion, and these cells and their interactions are the subject of ongoing research ([Supplementary Fig. S10](#SD6){ref-type="supplementary-material"}).

Discussion {#s016}
==========

Hematopoiesis is a complex process involving carefully balanced interactions among cytokines, different cell types, matrix factors, and signaling pathways \[[@B1],[@B8],[@B11]\]. Due to ethical reasons and the inaccessibility of embryonic material, the molecular mechanisms driving hematopoiesis during early human development are largely unknown. As a result, appropriate ex vivo systems for hiPSCs modeling the physiological steps of erythropoiesis are still challenging, and established culture systems are inefficient in terms of expansion and terminal differentiation \[[@B2],[@B3]\]. Based on our recent observations for large-scale granulocyte and macrophage generation from hiPSCs using low cytokine support (IL-3, M-CSF/G-CSF) \[[@B21]\], we created a simplified erythropoiesis model.

For the initiation of hematopoietic development, EBs stimulated with only SCF, EPO, and IL-3 were allowed to form adherent 3D spheroids with stroma-like layers, termed "hematopoietic cell forming complex." The growth factors EPO and SCF are well known to be crucial for human definitive erythropoiesis, at least under ex vivo conditions \[[@B25]\]. Furthermore, the expression of the SCF receptor has been described within intra-aortic hematopoietic clusters as well as on the first HSCs that emerge in the human embryo \[[@B28],[@B29]\]. A supportive effect of IL-3 on HSC development and EPO-dependent erythropoiesis has been described in mice and humans \[[@B30],[@B31]\]. In our model, both stromal layer formation and the shaping of vesicular spheroids were identified as being crucial for the formation of an HCFC and further hematopoietic differentiation. After ∼2 weeks, red islands became detectable inside the fully formed HCFC. Hematopoietic cells were continuously released into the supernatant over a period of 6 weeks and could be harvested repeatedly for further erythroid differentiation. The majority (\>90%) of the released cells were hematopoietic and erythroid in particular, rendering further purification steps unnecessary.

To our knowledge, sufficient generation of hematopoietic/erythroid progenitors has not been described using other protocols established for hiPSC-derived erythropoiesis. Only Ye et al. explicitly described high yields of progenitors from polycythemia vera-derived iPSCs \[[@B20]\]. In contrast to these previous observations, a remarkable population of CD34^+^/CD45^+^ hematopoietic and CD45^+^/CD36^+^ erythroid progenitors was observed in this study, and the cells released from the HCFC showed high colony formation capacity (1/50) with a high percentage of erythroid colonies. For comparison, the colony formation described for BM mononuclear cells is 1/130, and that described for purified BM CD34^+^ cells is 1/10 (HSPCs; STEMCELL Technologies). These results demonstrate a homogeneous and synchronous induction of hematopoiesis and erythropoiesis under the described culture conditions in which all physiological stages of human erythropoiesis were displayed, including proliferative erythroid progenitor stages.

Due to the continuous maturation of hematopoietic cells inside the HCFC over 6 weeks, a total of 1.5 × 10^7^ erythroid progenitor/precursor cells could be harvested from one six-well plate. Therefore, a total volume of 150 mL of medium with cytokines was consumed. Further erythroid differentiation resulted in additional 100- to 1000-fold amplification. This corresponds to the generation of 34,400 erythroid cells from 1 hiPSC. Higher RBC yields have been reported by Olivier et al. \[[@B19]\] and Dias et al. \[[@B13]\]. Compared to our approach, the protocol of Olivier et al. is more complex, as it uses \>12 growth factors in different combinations, and the protocol of Dias et al. uses xenogenic feeder cells. Most importantly, both prior protocols were limited by low enucleation rates below 10%. Very recently, Olivier et al. proceeded in the development of a chemically defined albumin-free and low-transferrin erythroid differentiation protocol allowing for high expansion and comparable high enucleation (40%). These advantages could be achieved using a relatively complex protocol with \>15 cytokines/supplements during seven different culture phases \[[@B32]\].

In our system, the released hematopoietic cells showed homogeneous differentiation into hemoglobin-producing erythroid cells at terminal differentiation stages. Hemoglobin analyses on the protein level demonstrated predominantly fetal hemoglobin, indicating rather definitive erythropoiesis; this erythropoiesis was most likely comparable to fetal liver erythropoiesis, since the switch to adult hemoglobin was marginal. Compared to other established systems in the field, our novel approach yielded enhanced enucleation rates (mean 40%, up to 60%). Until now, published enucleation rates have been between 10% and 20% \[[@B12],[@B13],[@B18],[@B19]\]. Although we cannot completely exclude a cell line-specific \[[@B33]\] or epigenetic influence \[[@B34],[@B35]\], another explanation for the enhanced enucleation in HCFC system may be an interaction between hematopoietic cells and other cells, for example, macrophages and stromal elements, inside the HCFC. The lack of such microenvironmental factors might explain the significantly lower fractions of already enucleated reticulocytes in conventional suspension cultures.

In support of this theory, culturing PEB-iPSCs and CD34-iPSCs in our standard EB suspension culture resulted in only 20% and 27% enucleation, consistent with our previous report for other iPSC lines and significantly lower than observed with the new HCFC-based system \[[@B17]\]. This clearly demonstrates that the use of blood-derived iPSCs and their epigenetic signatures is not the only reason for enhanced enucleation from HCFC-derived cells \[[@B33]\]. In addition, after enzymatic dissociation of suspended EBs, the cells showed a high tendency to cluster into spheroid aggregates. After initial attempts to prevent this reaggregation, we realized that this side effect may positively influence erythroid maturation. Confirming this hypothesis, RBCs derived from sorted CD43^+^ hematopoietic cells after EB digestion (PEB-iPSCs and CD34-iPSCs) revealed significantly lower enucleation rates (15%) than those derived from a mixture of unsorted cells (34%). These results demonstrate the importance of cellular interactions, or at least the presence of soluble factors derived from nonhematopoietic cells, for the induction of sufficient enucleation. This importance has also been noted by others who have demonstrated the occurrence of enhanced proliferation/enucleation after coculture of erythroblasts with stromal cells or after injection of erythroblasts into the circulation of NOD-SCID mice \[[@B14],[@B36],[@B37]\].

In human BM, RBCs mature in close contact with macrophages in so-called erythroblastic islands (EBIs). EBIs have also been described in the fetal liver and are believed to support erythroblast proliferation, differentiation, survival, and enucleation \[[@B38]\]. However, ex vivo cultures of adult CD34^+^ HSCs show \>85% enucleation in the absence of macrophages \[[@B41],[@B42]\]. This observation calls into question the essential role of macrophages in erythroblast enucleation at terminal stages of erythropoiesis. Considering our results and recent observations by others \[[@B43]\], we rather hypothesize that cellular interactions are already necessary during early erythroid or even hematopoietic development. During the submission of this article, this was also hypothesized by Shen et al. \[[@B44]\]. These authors studied the influence of sequential cellular niches on the generation of enucleated erythrocytes. Using endothelial-like feeder cells followed by murine OP9 stromal cells, they achieved comparably high enucleation rates. They also concluded that a specific niche is required already at early stage to prime hemogenic endothelial cells to generate erythroblasts with full maturation, especially enucleation, potential. In addition, comparable observations have been reported by Takayama et al. for platelet generation from hESCs by so-called "ES-sacs" \[[@B45]\]. These ES-sacs resemble macroscopically our HCFC as they are described as balloon-like structures that are enriched in hematopoietic progenitors with multilineage potential. These authors also postulated that ES-sacs are indispensable for efficient production of fully differentiated hematopoietic cells, including platelets, as they provide the necessary microenvironment. Like in our system, cultures that did not form ES-sacs failed to differentiate into hematopoietic cells. More recently, this ES-sac system has also been used to generate improved levels of definitive erythroid cells, although enucleation rates were not reported \[[@B14]\].

To identify such interactions in our system, we tried to characterize the cellular composition of the HCFC. Interestingly, we observed only few endothelial-like cells, controversial to what could be presumed form the above-mentioned studies \[[@B44],[@B45]\]. In addition to a variety of cells of uncertain origin, macrophages were observed, partially surrounded by erythroid cells, and therefore morphologically comparable to EBIs. In human BM, several macrophage subtypes have been described that have not yet been fully characterized. EBI macrophages express CD163, CD169, VCAM-1 (CD106), and CD206 \[[@B46],[@B47]\]. A recent report described the abundant expression of CD11b by cells within mouse EBIs \[[@B40]\]. In our experiments, flow cytometry analysis after EB digestion revealed the presence of CD86^+^ cells and CD11b^+^ myeloid cells, as well as a low percentage of CD163^+^ cells. However, there is increasing evidence that the phenotypes of macrophages supporting human hematopoiesis show high plasticity and are strongly influenced by both the microenvironment and cytokine support \[[@B48]\].

Overall, we established an improved and simplified xeno- and feeder-free cell culture system for erythroid differentiation of hiPSCs, which is illustrated in [Fig. 7](#f7){ref-type="fig"}. Compared to other approaches, as summarized for our standard EB suspension protocol \[[@B17]\] in [Supplementary Table S2](#SD1){ref-type="supplementary-material"}, this system has the following important advantages: minimal handling time (with medium exchange only once a week); lower costs due to reduced cytokine support and reduced medium consumption in relationship to the erythroid output; continuous harvesting of hematopoietic cells over 6 weeks without any digestion or purification; homogeneous maturation through all stages of human erythropoiesis, including the progenitor cell stage; and improved yield of enucleated RBCs. In addition, we previously demonstrated that the addition of IL-3 in combination with M-CSF/G-CSF drives hematopoietic differentiation toward macrophages and granulocytes, demonstrating the flexibility of the system \[[@B21]\]. These advantages may be caused by improved in vitro mimicking of the physiological niche in which hematopoietic differentiation takes place due to the provision of tightly tuned cell-cell contacts and paracrine cytokine support in a formed HCFC. Therefore, this model represents a suitable system for studies on developmental biology and RBC generation. Studies are currently underway to characterize cellular interactions in the HCFC in more detail and to optimize the concept of an artificial niche for further improvement of RBC expansion from hiPSCs.

![Schematic overview illustrating the simplified xeno- and feeder free culture model for the ex vivo generation of RBCs from hiPSCs. High cellular output and enhanced enucleation are achieved using only three cytokines (EPO, IL-3, and SCF) and preserving the structure of the initially formed HCFC. The system may further be switched to granulocyte and macrophage generation by slight modification of added cytokines.](fig-7){#f7}
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